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Abstract
The prototypical iron-based high-Tc pnictide LaFeAsO1−xHx has superconducting double
domes in the electronic phase diagram. Pressure application merges the double domes into
a single dome, and the minimum Tc of 26 K observed at x=0.2 goes up to 45 K by applying a
pressure of 3.0 GPa. 75As nuclear magnetic resonance was performed at 3.0 GPa to investigate
the high-Tc mechanism. The relaxation rate divided by temperature, 1/T1T exhibits a plateau
just above Tc and the value is enhanced by applying pressure. The plateau indicates that 1/T1
can be described by the Korringa relation, which suggests that a key factor to raise Tc is the
density of states. So far as our results are concerned, spin ﬂuctuations are not essential to
achieve high Tc over 45 K.
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1 Introduction
The prototypical iron-based high-Tc pnictide LaFeAsO1−xHx (0 ≤ x ≤ 0.6) exhibits a novel
electronic phase diagram: superconducting (SC) double domes emerge upon electron (H) doping
following the stripe-type antiferromagnetic (AF) ordering [1]. The AF phase and the ﬁrst SC
dome in a lightly H-doped regime are common to other iron-based systems. The second AF
ordering [2] emerges upon further electron doping following the second SC dome, which is unique
to this system and owes the capability of electron doping. Intriguingly, pressure application
merges the double domes into a single dome, and the minimum Tc of 26 K observed at x=0.2
goes up to 45 K by applying a pressure of 3.0 GPa [1]. Pressure application is equivalent
to rare-earth replacement [3]. In fact, the Tc value at 3.0 GPa is almost the same with that
for the Ce1111 series, and is close to the highest Tc(≈ 55K) which has been recorded in the
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Sm1111 series [4, 5]. The R1111 (R=Ce, Pr, Nd and Sm) series has higher Tc than the La1111
series, however, rare-earth elements other than La are magnetic, and thus only FeAs layers
of the La1111 series are free from magnetic ﬂuctuations originating from rare-earth elements.
Therefore, the La1111 series under high pressure oﬀers a good opportunity to determine the
high-Tc mechanism. The superconducting mechanism via AF spin ﬂuctuations has been often
pointed out as a major candidate of the high-Tc mechanism especially for the 122 series. A
primary concern is whether the Tc enhancement in the La1111 series has some relationship to
AF spin ﬂuctuations. To address this problem, we investigated low-energy AF spin ﬂuctuations
via nuclear magnetic resonance (NMR) measurements.
2 Experimental conditions
The samples were synthesized using a high-pressure apparatus. The H concentration was veriﬁed
using thermal desorption spectroscopy (TDS), and was almost the same with the nominal
concentration. We performed NMR measurements using a conventional coherent-pulsed NMR
spectrometer and a 8-Tesla magnet. The relaxation time T1 was measured by the conventional
saturation-recovery method. Pressure was applied by using a NiCrAl-CuBe hybrid piston-
cylinder-type pressure cell and was calibrated by ruby ﬂuorescence measurements [6]. Ruby
powders were glued on the top of a ﬁber of 0.25mm outer diameter, and the ﬁber was inserted
in the sample space with the NMR coil, which makes in-situ pressure calibration possible.
The length of the NiCrAl cylinder is 30 mm, and the inner and outer diameters are 6 and 16
mm, respectively. The cylinder is covered by a CuBe sleeve with an outer diameter of 40mm.
The pressure limit applicable to this cell exceeds 4.0 GPa. We used Fluorinert FC-70 and
FC-77 as a pressure mediation liquid. The mixture remains hydrostatic up to 10 GPa. We
measured Tc from frequency detuning of the NMR tank circuit, and the relaxation rate divided
by temperature (T ) 1/T1T .
3 Experimental results
3.1 NMR spectra
The ﬁeld-swept NMR spectra were measured at a frequency (ν0) of 45.1 MHz. Figure 1 shows
the signals corresponding to the central transition of I = 3/2 (I = −1/2 ⇔ 1/2) measured at
3.0 GPa and at ambient pressure. The double-peaks structure originates from the second order
nuclear quadrupole interaction, and the lower-ﬁeld peak comes from the powder samples whose
iron-basal planes are parallel to the applied ﬁeld. The spectral intensity at the ﬁeld h measured
from the free resonant ﬁeld H0 is given as
I(h) ∝
∫ ∫
δ(h− (2π/γN )ν(θ))d(cosθ)dθ
where θ is the angle between h and the c axis, which is perpendicular to FeAs planes, and γN
is the gyromagnetic ratio of 75As (7.292MHz/T). In the case that anistropy of the electric ﬁeld
gradient is zero ( η = 0), the frequency shift ν(θ) from ν0 is given as
ν(θ) = − 3ν
2
Q
16ν0
sin2θ(9cos2θ − 1).
In fact, η is nonzero (η ≈ 0.1), and the formula of ν(θ) is more complicated compared to the
η=0 case. As seen from Fig. 1, the pressure application hardly causes prominent changes in
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Figure 1: 75As signals corresponding to the central transition (I = −1/2 ⇔ 1/2) measured at
3.0 GPa and at ambient pressure. The relaxation time T1 was measured at the lower-ﬁeld peak.
The signals at this peak come from powders whose iron-basal planes are parallel to the applied
ﬁeld.
the spectral pattern, and thus ν(θ) and η are unchanged by applying pressure at this doping
level.
3.2 Relaxation rate
Figure 2 shows 1/T1T at 3.0 GPa and at ambient pressure. At ambient pressure, 1/T1T exhibits
monotonous increase with increasing temperature except for a plateau observed in a narrow-T
range. The onset temperature where 1/T1T deviates from the plateau is regarded as Tc (≈
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Figure 2: Relaxation rate divided by temperature 1/T1T of
75As. The measurements were
performed at the lower-ﬁeld peaks in Fig. 1.
15 K). The Tc value determined from the frequency detuning is about 20 K. The monotonous
increase in 1/T1T above Tc is not due to AF spin ﬂuctuations, but due to the density of states
involved only at high temperatures. Such T dependence is not rare and has been also observed
in KyFe2−xSe2 [7]. As seen from Fig. 2, pressure application hardly causes a qualitative change
in 1/T1T except for the enhancement of 1/T1T at the plateau. Tc is enhanced from 15 K to 48 K
by applying a pressure of 3.0 GPa. At 3.0 GPa, the plateau is observed in a wider T range than
at ambient pressure. Figure 3 shows 1/T1T for the 14% F-doped LaFeAsO1−xFx measured at
3.0 GPa and at ambient pressure [8, 9]. Overall features are the same with those observed for
the 20% H-doped samples: a plateau of 1/T1T just above Tc and monotonous T dependence of
1/T1T at high temperatures, and so on. The plateau is seen more clearly compared with the
case of the 20% H-doped samples.
A Guide for Writing LATEX Documents . . . Fujiwara, Kawaguchi, Iimura, Matsuishi and Hosono
73
10
-3
2
3
4
5
6
10
-2
2
3
4
5
6
10
-1
1/
T 1
T 
(s
-1
K
-1
)
200150100500
T (K)
TC ~ 20 K
TC ~ 40 K
   F 14%
    0 GPa
 3.0 GPa
Figure 3: 1/T1T of
75As for the14% F-doped LaFeAsO1−xFx samples. The measurements were
performed at the lower-ﬁeld peaks in Fig. 1.
4 Discussion
The Tc enhancement is well understood by considering equivalency between pressure appli-
cation and rare-earth replacement. A pressure of 3.0 GPa corresponds to the Ce1111 series
CeFeAsO1−xFx at ambient pressure. When replacing La with other elements with smaller ra-
dius, the FeAs local structure approaches regular tetrahedra, and the lattice constants shrink as
well. Tc itself is determined by the local structure of FeAs tetrahedra. The problem is whether
AF ﬂuctuations are involved in raising Tc up to ≈ 50K. So far as our results are concerned,
the Tc enhancement is caused without predominant spin ﬂuctuations. Among a variety of FeAs
iron-based superconductors, only the 1111 series reaches a high Tc above 50 K so far. For 40%
H-doped samples, Tc reaches 48 K at 3.0 GPa that is close to 55K [4, 5], the highest Tc ever
known in iron-based superconductors.
One can compare the results of Fig. 2 with those of Fig. 3, because 14% F doping is close
to 20% H doping in the electronic phase diagram. As seen from both ﬁgures, Tc has a strong
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Figure 4: Tc vs. 1/T1T at the plateaus in Figs. 2 and 3.
correlation with 1/T1T at the plateau. In general, 1/T1T is described by the Korringa relation
in the case of conventional metals in which strong spin ﬂuctuations are absent. In the Korringa
relation, spin correlations are included in the spin Stoner enhancement factor αs, and 1/T1T is
proportional to square of the density of states N(εF ) and the hyperﬁne coupling constant Ahf ,
namely
1
T1T
∝ A2hf
N(εF )
2
1− αs .
In general, αs gives a measure of spin ﬂuctuations: however, predominant spin ﬂuctuations
are absent in the present case, and thus αs can be regarded as the same between 14% F and 20%
H doping. If αs would be diﬀerent for the two doping levels, 1/T1T would shift by a factor for a
whole temperature range. The fact that 1/T1T is almost the same at high temperatures around
200 K indicates that αs and Ahf are unchanged between the two doping levels. Therefore, a
key factor to raise Tc is attributable to the enhancement of N(εF ), as shown in Fig. 4.
Superconducting mechanism due to AF ﬂuctuations has been regarded as a candidate to
explain high Tc in iron-based superconductors. In this case, spin ﬂuctuations would have a
correlation with Tc: however, a high Tc value (≈ 48 K) has been achieved without observable
spin ﬂuctuations. This fact would give credence for superconducting mechanism via orbital
ﬂuctuations, another candidate for the high-Tc mechanism [10].
5 Conclusion
We performed NMR measurements on LaFeAsO1−xHx at 3.0 GPa. The pressure application
raises Tc from 15 K at ambient pressure to 48 K without an observable enhancement of AF
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ﬂuctuations. The results of 1/T1T indicate that an enhancement of N(εF ) is a key factor to
raise Tc and spin ﬂuctuations are unlikely to be involved in the superconducting mechanism.
References
[1] Soshi Iimura, Satoru Matsuishi, Hikaru Sato, Taku Hanna, Yoshinori Muraba, Sung Wng Kim,
Jung Eun Kim, Masaki Takata, and Hideo Hosono. Two-dome structure in electron-doped iron
arsenide superconductors. Nat Commun, 3:943, 2012.
[2] N. Fujiwara, S. Tsutsumi, S. Iimura, S. Matsuishi, H. Hosono, Y. Yamakawa, and H. Kontani.
Detection of antiferromagnetic ordering in heavily doped lafeaso1−xhx pnictide superconductors
using nuclear-magnetic-resonance techniques. Phys. Rev. Lett., 111:097002, 2013.
[3] T. Nakano, N. Fujiwara, Y. Kamihara, M. Hirano, H. Hosono, H. Okada, and H. Takahashi.
Magnetic ﬂuctuations and superconductivity in lafeaso1−xfx under pressure as seen via 75As nmr.
Phys. Rev. B, 82:172502, 2010.
[4] Yoichi Kamihara, Takatoshi Nomura, Masahiro Hirano, Jung Eun Kim, Kenichi Kato, Masaki
Takata, Yasuhiro Kobayashi, Shinji Kitao, Satoshi Higashitaniguchi, Yoshitaka Yoda, Makoto
Seto, and Hideo Hosono. Electronic and magnetic phase diagram of superconductors, smfeaso 1 x
f x. New Journal of Physics, 12:033005, 2010.
[5] C. Hess, A. Kondrat, A. Narduzzo, J. E. Hamann-Borrero, R. Klingeler, J. Werner, G. Behr,
and B. Bchner. The intrinsic electronic phase diagram of iron-oxypnictide superconductors. EPL
(Europhysics Letters), 87:17005, 2009.
[6] Naoki Fujiwara, Takehiko Matsumoto, Kazuko Nakazawab, Akihiko Hisada, and Yoshiya Uwatoko.
Fabrication and eﬃciency evaluation of a hybrid nicral pressure cell up to 4gpa. Review of Scientiﬁc
Instruments, 78:073905, 2007.
[7] Weiqiang Yu, L. Ma, J. B. He, D. M. Wang, T.-L. Xia, G. F. Chen, and Wei Bao. 77Se nmr study
of the pairing symmetry and the spin dynamics in kyfe2−xse2. Phys. Rev. Lett., 106:197001, 2011.
[8] Tatsuya Nakano, Naoki Fujiwara, Kenichiro Tatsumi, Hironari Okada, Hiroki Takahashi, Yoichi
Kamihara, Masahiro Hirano, and Hideo Hosono. Enhancement of the critical temperature of
the pnictide superconductor lafeaso1−xfx studied via 75As nmr under pressure. Phys. Rev. B,
81:100510, 2010.
[9] Kenichiro Tatsumi, Naoki Fujiwara, Hironari Okada, Hiroki Takahashi, Yoichi Kamihara, Masahiro
Hirano, and Hideo Hosono. 75as-nmr studies on lafeaso1-xfx (x=0.14) under a pressure of 3 gpa.
Journal of the Physical Society of Japan, 78:023709, 2009.
[10] Seiichiro Onari, Youichi Yamakawa, and Hiroshi Kontani. High-Tc superconductivity near the
anion height instability in fe-based superconductors: Analysis of lafeaso1−xhx. Phys. Rev. Lett.,
112:187001, 2014.
A Guide for Writing LATEX Documents . . . Fujiwara, Kawaguchi, Iimura, Matsuishi and Hosono
76
